ABSTRACT Insect odorant-binding proteins (OBPs) are a diverse gene family that encode proteins thought to function as molecular chaperones by binding semiochemicals and transporting them through the aqueous lymph of insect sensilla. Between 66 and 68 genes have been classiÞed as OBPs in both Anopheles gambiae (Giles) and Aedes aegypti L. based on bioninformatics criteria. We have cloned and sequenced from a subtracted cDNA library three OBPs in Aedes albopcitus (Skuse). BLASTP and phylogenetic analysis of deduced amino acid sequences identiÞed a unique putative ortholog in Ae. aegypti for each Ae. albopictus OBP. Comparison of these putative Ae. aegypti orthologs with the results of previous bioinformatics analyses of OBP genes in Ae. aegypti highlight the potential variability of bioinformatics analyses and suggest that the OBP gene family of Culicids is even more diverse than previously described. Alignment of deduced amino acid sequences and phylogenetic analysis identiÞed the N-terminal region of Culicid OBPs that is associated with aedine-speciÞc diversiÞcation. Analysis of tissue-speciÞc expression indicates that two of the Ae. albopictus OBPs are expressed both in preadult stages and in the hemolymph of adults, suggesting that the proteins encoded by these genes may be involved in the transport of hydrophobic ligands in the hemolymph. The other Ae. albopictus OBP is expressed exclusively in antennae and leg, suggesting a chemosensory function. These results are discussed within the context of the evolution and functional diversiÞcation of OBPs in mosquitoes.
Olfactory cues play a critical role in mediating a variety of important behaviors in mosquitoes including blood feeding, sugar feeding, and oviposition (Bowen 1991 , Takken 1991 , Foster 1995 , Clements 1999 , Zwiebel and Takken 2004 . Interest in the disruption of mosquito olfaction as a potential mechanism of vector control and the recent availability of whole genome sequence data has led to rapid progress in identifying molecular components of the olfactory system in mosquitoes (Zwiebel and Takken 2004) . Odorant-binding proteins (OBPs) are one group of proteins that have received considerable attention within this context (Xu et al. 2003 , Biessmann et al. 2005 , Andronopoulou et al. 2006 , Li et al. 2008 .
The classical view of OBP function is that they act as carriers of hydrophobic odor molecules, transporting them through the aqueous lymph to transmembrane odor receptors (ORs) located on the dendritic membrane of olfactory neurons (Leal 2003 , Vogt 2003 . It is thought that, for some OBPs, a pH-induced conformational change in OBP structure near the surface of the olfactory neuron causes release of the ligand. The crystal structure of the Anopheles gambiae (Giles) OBP, AgamOBP1, has been determined and is consistent with this model (Wogulis et al. 2006) . The crystal structure of the Bombyx mori L. pheromonebinding protein complexed with its ligand, the sex pherome bombykol, also has been resolved and also is consistent with this hypothesis (Sandler et al. 2000) . More recently, Laughlin et al. (2008) showed an alternative mechanism of activity for the Drosophila melanogaster (Meigen) OBP LUSH, whereby binding of the ligand causes a conformational change to the OBP that is detected by the transmembrane OR.
The vast majority of currently described OBPs have been identiÞed based on bioinformatics criteria and classiÞed into three groups. The "classic" OBPs are Ϸ14 kDa and exhibit a characteristic spacing of six conserved cysteine residues that form disulÞde bonds linking adjacent alpha-helixes to form a small, hydrophobic, internal binding cavity (Sandler et al. 2000 , Tegoni et al. 2004 . The "atypical" OBPs are of higher molecular weight (25Ð35 kDa), have a slightly modiÞed spacing of six cysteine residues relative to the "classic OBPs," and before this study have only been described in An. gambiae (Xu et al. 2003) and Aedes aegypti . Finally, the "Plus-C" group, found in D. melanogaster, An. gambiae, and Ae. aegypti, contain six conserved cysteine residues but are distinguished by an additional three conserved cysteines and a conserved proline in the C-terminal region (Hekmat-Scafe et al. 2002 , Zhou et al. 2004 ). All OBPs described to date contain N-terminal signal peptides that are presumed to mediate extracellular secretion (Leal 2003) . Between 50 and 70 OBPs have been described in each of D. melanogaster (Hekmat-Scafe et al. 2002) , An. gambiae (Xu et al. 2003) , and Ae. aegypti , and the OBP genes are particularly diverse, with percent sequence identity of encoded proteins ranging from Ϸ5Ð80% within Dipteran species.
Many OBP genes deÞned based on bioinformatics criteria encode proteins that are likely to have nonolfactory physiological functions. For example, many OBP genes are expressed in nonolfactory tissues, including the legs and wings of both Polistes dominulus (Christ) and Apis mellifera L. (Calvello et al. 2003 , the brain, cuticle, thorax, fat body, and ovaries of A. mellifera (Forê t and Maleszka 2006) , the fat body of Ae. aegypti (Feitosa et al. 2006) , and the hemolymph of both the medßy Ceratitis capitata (Weidemann) (Christophides et al. 2000) and the beetle, Tenebrio molitor L. (Graham et al. 2001 (Graham et al. , 2003 . Expression of OBP genes has also been detected in the preadult aquatic life stages of two mosquitoes: An. gambiae (Xu et al. 2003 , Biessmann et al. 2005 and Ae. aegypti (Bohbot and Vogt 2005) . Several authors therefore have proposed that, in addition to the documented olfactory function of some OBPs, other OBPs may be involved in alternative functions such as pheromone release (Pelosi et al. , 2006 Li et al. 2008) or as general carriers of hydrophobic molecules in various tissues (Graham and Davies 2002; Graham et al. 2003; Pelosi et al. 2005 Pelosi et al. , 2006 .
The atypical OBPs are of special interest with respect to the Culicids. As noted above, orthologs have not been detected in D. melanogaster, suggesting that this group of OBPs arose subsequent to the divergence of mosquitoes and fruit ßies and may have mosquitospeciÞc function (Xu et al. 2003 . Xu et al. (2003) identiÞed 16 atypical OBPs in An. gambiae using TBLASTN searches of the An. gambiae genome with previously identiÞed An. gambiae OBPs as probes. Zhou et al. (2008) identiÞed 15 atypical OBPs in Ae. aegypti using conserved protein domains, conserved spacing of cysteine residues, and BLAST to search the Ae. aegypti genome sequence (Nene et al. 2007 ; VectorBase: http://aaegypti.vectorbase.org/index.php). A phylogenetic analysis of the An. gambiae and Ae. aegypti atypical OBP inferred protein sequences conducted by Zhou et al. (2008) identiÞed clusters of genes within both taxa that seem to have undergone lineage-speciÞc expansions.
In the only analysis of ayptical OBP expression in mosquitoes, Xu et al. (2003) found that several of the atypical OBPs were expressed in adult chemosensory organs (maxillary palps and tarsi), whereas only one (AgamOBP36) was expressed exclusively in antennal tissue. Interestingly, several of the atypical OBPs, including AgamOBP36, were also expressed in the preadult aquatic life stages (Xu et al. 2003) , indicating that they may be involved in aquatic chemosensory function or have nonchemosensory function during preadult developmental stages.
Herein we report on the isolation of three novel atypical OBP genes through a molecular rather than bioinformatics approach in the Asian tiger mosquito, Aedes albopictus. The results of BLASTP searches with inferred amino acid sequences as queries and phylogenetic analysis indicate that one of these Ae. albopictus atypical OBPs is a putative ortholog of an atypical OBP previously identiÞed from Ae. aegypti (AaegOBP46) by Zhou et al. (2008) . However, the other two Ae. albopictus atypical OBPs are most similar to predicted peptides that were not identiÞed in the analysis of Zhou et al. (2008) , suggesting that bioinformatics approaches may underestimate the number of OBP genes in this diverse gene family. Similar to the atypical OBP genes in An. gambiae, two of the Ae. albopictus atypical OBPs are expressed in preadult life stages, and all three are expressed in nonolfactory tissue of adults. We discuss our Þndings with respect to the evolution of atypical OBPs within the Culicidae and the putative physiological function of proteins encoded by these genes.
Materials and Methods
Insect Rearing and Tissue Preparation. The experiments we describe were designed to identify molecular components of the diapause response of Ae. albopcitus. A colony of Ae. albopictus was established with eggs from an Illinois population, which kindly was provided by L. P. Lounibos (Florida Medical Entomology Laboratory). Larvae were reared under near-optimal conditions on a long-day (LD) photoperiod (18 h:6 h, L:D) as described in Armbruster and Hutchinson (2002) . In the F 8 laboratory generation, female pupae were divided into two groups, both of which were maintained in adult cages at 21ЊC and ϳ70% RH. One group was maintained on a LD photoperiod, and the other group was maintained on a short-day (SD) photoperiod (8 h:16 h, L:D). Seven-to 10-d-old adult females of both groups were allowed to blood feed to repletion to stimulate ovarian development. Two and 3 d after blood feeding, abdomens were removed from 100 females from each photoperiod treatment and stored at Ϫ80ЊC. These tissue collections were performed with both a morning (2 h after "lights on") and afternoon (8 h after "lights on") tissue collection from each photoperiod treatment to control for potential circadian ßuctuation in gene expression.
RNA Isolation and Suppressive Subtractive Hybridization. Total RNA was extracted with TRI Reagent (Sigma-Aldrich, St. Louis, MO) followed by isopropanol precipitation. Subsequent integrity assessment (Bioanalyzer 2100; Agilent Technologies, Santa Clara, CA) indicated minimal to no degradation in either the SD or LD RNA samples. We used 1 g of total RNA produced above to construct an "LD minus SD" subtracted cDNA library using a Clonetech polymerase chain reaction (PCR)-select cDNA subtraction kit (BD Biosciences, San Jose, CA) according to the manufacturerÕs instructions (BD Biosciences; Diatchenko et al. 1996) .
The "LD minus SD" library produced Þve expressed sequence tags (ESTs) visible as distinct bands on a 1% agarose gel. These bands were excised and puriÞed using a QIAquick gel extraction kit (Qiagen, Rockville, MD) and cloned into a pCR 2.1-TOPO vector used to transform TOP10 One Shot cells (Invitrogen, Carlsbad, CA). Cloned inserts were sequenced using M13 primers and dye terminator chemistry and run on an ABI 3100 Genetic Analyzer maintained by the University of Vermont Cancer Center.
The 3 and 5 Rapid Amplification of cDNA Ends. To identify the entire cDNA sequence for each gelpuriÞed EST, we performed rapid ampliÞcation of cDNA ends (RACE) using a SMART RACE kit (BD Biosciences) according to the manufacturerÕs instructions. We used 500 ng of RNA from the LD treatment described above for reverse transcription and both 3Ј and 5Ј adapter ligation. Gene-speciÞc primers developed from EST sequences were used to PCR amplify 3Ј and 5Ј RACE products, which were gel puriÞed, cloned, and sequenced as described above. DNA sequence analysis and contig assembly was performed with Sequencher v. 3.0.
Bioinformatics and Phylogenetic Analysis. Deduced protein sequences were determined using ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) followed by BLASTP searches to identify putative orthologs of the four Ae. albopictus cDNA sequences identiÞed through contig assembly. Protein sequences were analyzed for the presence of signal peptides using SignalP v3.0 (http://www.cbs.dtu.dk/services/SignalP/) with neural networks and hidden Markov algorithms trained on eukaryotes (Bendtsen et al. 2004 ). Theoretical molecular mass was estimated using the ExPASY proteomics server (www.expasy.ch/tools/ #primary). Based on the results of BLASTP searches, we performed phylogenetic analysis (methods described below) of the inferred Ae. albopictus OBPs with An. gambiae and Ae. aegypti OBP deduced amino sequences obtained from GenBank using accession numbers provided by Xu et al. (2003) and Zhou et al. (2008) . Preliminary analyses indicated that the Ae. albopictus OBPs are most similar to the atypical OBPs of An. gambiae and Ae. aegypti. We therefore included all currently identiÞed An. gambiae and Ae. aegypti atypical OBPs in subsequent phylogenetic analysis. We also included two Ae. aegyptiÐpredicted peptide sequences not previously described as OBPs that have the highest level of similarity to the AalbOBPs as indicated by TBLASTX searches of the Ae. aegypti genome (http://aaegypti.vectorbase.org/index.php). The Ensembl gene prediction for one of these Ae. aegypti sequences (EAT45406) includes an exon that predicts a 64 amino acid insertion not found in any of the other OBP-like sequences. No ESTs from VectorBase corroborate the translation of this putative exon, and it was omitted under the assumption that it likely represents an error in gene prediction. Conclusions regarding both the alignment and phylogenetic analysis are not altered by including this second exon in the analysis.
Signal peptides were removed before amino acid sequence alignment performed in ClustalX ( Thompson et al. 1997 ) with a pairwise alignment gap opening penalty of 35, a pairwise alignment gap extension penalty of 0.70, a multiple alignment gap opening penalty of 15, and a multiple alignment gap extension penalty of 0.30. Phylogenetic reconstruction was performed by the neighbor joining method implemented in MEGA 4.0 (Tamura et al. 2007 ) with a p-distance model and pairwise deletion of gaps. Bootstrap support of tree branches was assessed by resampling amino acid positions 1,000 times. To infer the historical pattern of selection acting on the AalbOBPs, we calculated the ratio of nonsynonymous (dN) to synonymous (dS) substitution rate for each AalbOBP and its putative ortholog in Ae. aegypti as implemented in MEGA (v. 4.0) with modiÞed Nei-Gojobori distances (Tamura et al. 2007 ).
Analysis of Expression by Semiquantitative RT-PCR. Despite the fact that the AalbOBPs were isolated from a LD minus SD subtracted library, subsequent RT-PCR did not indicate consistent differential expression in response to LD versus SD photoperiods. Therefore, the expression patterns of the AalbOBPs were determined under LD photoperiod conditions in a variety of developmental stages and tissue types to investigate putative physiological function and facilitate comparisons with other dipteran OBPs. We used 25-to 38-bp gene-speciÞc primers for each AalbOBP and used primers for the Ae. albopictus ribosomal protein L-34 (NCBI accession no. AF144549) as a control for RNA template quality and concentration (Table 1) . Insect rearing under LD conditions and RNA extraction were performed as described above. Each RNA sample was treated with DNase I (New England Biolabs, Ipswich, MA) according to the manufacturerÕs instructions. Semiquantitative RT-PCR was performed using a one-step RT-PCR reaction (Qiagen) according to the manufacturerÕs instructions with 1 l of 50 ng/l total RNA as template. In all cases, the one-step RT-PCR reaction consisted of a 30-min reverse transcription step at 50ЊC, followed by 15 min at 95ЊC, and 34 cycles of 30s at 95ЊC, 30 s at 68ЊC, and 1 min at 72ЊC. For each RNA template, a parallel PCR reaction was performed to control for genomic DNA contamination. Each PCR reaction consisted of 1 l RNA template, 22 l sterile water, 1 l each of forward and reverse primer (10 M), and a single "ready-togo" PCR bead (Amersham Pharmacia, Piscataway, NJ). The PCR temperature proÞle consisted of 5 min at 95ЊC, followed by 34 cycles of 30 s at 95ЊC, 30 s at 68ЊC, and 1 min at 72ЊC.
Sex-, Tissue-, Age-, and Stage-specific Expression Patterns. We examined the expression of AalbOBPs in the following tissue samples: (1) pooled Þrst-and second-instar larvae, (2) male pupae, (3) female pupae, (4) adult male, (5) female antennae, and (6) female legs. We also examined AalbOBP expression in hemolymph collected by a modiÞed expulsion method (Paskewitz and Shi 2005) from 7-to 10-d-old adult females. Brießy, adult females were anesthetized using CO 2 , and the tip of the proboscis was removed with scissors. Gentle pressure was applied to the thorax, and hemolymph droplets were collected from the tip of (Xu et al. 2003) and Ae. aegypti . Conserved cysteine residues are indicated with a * symbol and shaded vertical bars. Open boxes represent additional conserved residues. the proboscis. To avoid contamination by the fat body, only clear droplets were collected. Finally, we also examined AalbOBP expression in 4-to 5-d-old adult females, 9-to 10-d-old adult females, and 14-to 15-dold adult females and in 9-to 10-d old adult females at 4-h intervals over a 24-h period.
Results
Suppressive Subtractive Hybridization. Suppressive subtractive hybridization of LD minus SD abdominal tissue in Ae. albopictus produced Þve distinct bands (ESTs) that were gel-puriÞed, cloned, and sequenced. Subsequent 5Ј and 3Ј RACE showed that two ESTs were from the same full-length cDNA. Searches with BLASTP using inferred open reading frames indicated that three of the four genes showed high levels of amino acid similarity to sequences annotated as OBPs in Ae. aegypti and An. gambiae. The fourth gene is a proline-rich (13% amino acid composition) sequence that shows signiÞcant similarity to an unknown hypothetical protein in Ae. aegypti (EAT39971, E-value ϭ 10 Ϫ72 ). The nucleotide sequence for this cDNA has been submitted to GenBank under accession number FJ147323 but is not considered further here.
Characterization of Three OBP-like cDNAs. All three Ae. albopcitus OBPs contain the six cysteine motif, signal peptides, and additional conserved residues characteristic of the atypical OBPs in Ae. aegypti and An. gambiae (Fig. 1) . All of the Ae. albopcitus OBPs, their putative Ae. aegypti orthologs, and several other Ae. aegypti atypical OBPs have a 16 Ð17 amino acid deletion between the Þrst and second conserved cysteine residues relative to the other Ae. aegypti and An. gambiae atypical OBPs (Fig. 1) .
The cDNA AalbOPB46 (GenBank accession no. FJ040863) is 1,064 bp in length, with a 61-bp 5Ј UTR and a 106-bp 3Ј UTR with a poly-A tail. The open reading frame is 897 bp and encodes a 298 amino acid protein with a predicted mass of 31.1 kDa and a 21-bp signal peptide. The BLASTP results of the inferred open reading frame from ORF Finder indicated the closest match to this Ae. albopictus sequence is a hy- Zhou et al. 2008 ) that matches with an E-value ϭ 10 Ϫ83 and 57% identity.
The cDNA AalbOBP67 (GenBank accession no. FJ040862) is 1,124 bp in length, with 7 bp of DNA sequence located 5Ј to the start codon. The cDNA sequence contains neither a polyadenylation signal nor a poly-A tail, suggesting that the entire cDNA sequence was not cloned in our 3Ј RACE procedure. Ϫ78 and 55% identity. Alignment. The alignment (Fig. 1) of the AalbOBPs, their putative orthologs in Ae. aegypti, and all previously described atypical OBPs is consistent with previously published results (Xu et al. 2003 . The position and spacing of the highly conserved cysteine residues that are the hallmark of the insect OBPs matches the alignments of both Xu et al. (2003) and Zhou et al. (2008) , although as noted previously , several sequences lack one or more of the conserved cysteines. The AaegOBP41 predicted peptide has an extra 29 amino acids located after cysteine six (Fig. 1) that were conÞrmed by alignment of EST data . Results from Fig. 1 that have not been noted previously include a tryptophan residue located eight positions after the third conserved cysteine that is conserved across all Culicid atypical OBP sequences. Also, all AalbOBPs, their putative orthologs, and AaegOBPs 6, 7, 16, 45, 46, 67 , and 68 share a 16 Ð17 amino acid deletion between conserved cysteines 1 and 2. AaegOBPs 28 Ð33 share a highly conserved set of amino acids throughout this same region.
Phylogenetic Analysis. The neighbor-joining tree in Fig. 2 shows the same broad clustering pattern of Ae. aegypti and An. gambiae atypical OBPs as described by Zhou et al. (2008) . All three Ae. albopictus sequences cluster within an Ae. aegypti expansion clade identiÞed by Zhou et al. (2008) , and each Ae. albopcitus OBP sequence is paired with 100% bootstrap support to the corresponding putative ortholog in Ae. aegypti identiÞed through BLASTP searches. The ratio of nonsynonymous (dN) to synonymous (dS) substitution between each AalbOBP and its putative ortholog in Ae. aegypti (Fig. 2) ranged from 0.07 to 0.455.
Developmental and Tissue-specific Expression of AalbOBPs. Semiquantitative RT-PCR of RNA from pooled Þrst-and second-instar larvae indicated that AalbOBP67 and AalbOBP68 are expressed in the larval stage, whereas AalbOBP46 is not (Fig. 3) . Furthermore, AalbOBP67 and AalbOBP68 are also both expressed in male and female pupae, whereas AalbOBP46 is not. All three AalbOBPs are expressed in adult males.
Analysis of tissue-speciÞc expression of adult females indicated that AalbOBP67 and AalbOPB68 are expressed in hemolymph. As expected based on this result, we also found evidence for the presence of transcripts of these two genes in all other adult tissues examined (Fig. 3) . In contrast, AalbOBP46 is not expressed in hemolymph, but is expressed in antennae and leg. Expression of all three AalbOBPs did not depend on circadian time or adult age between 4 and 15 d (data not presented). Importantly, PCR reactions performed on all RNA samples indicated no DNA contamination (Fig. 3) .
Discussion
Olfaction plays a critical role in mediating mosquito host-seeking behavior (Gillies 1980 , Clements 1999 , Zwiebel and Takken 2004 . With the completion of the genome sequence of An. gambiae, 68 putative OBP gene family members have been identiÞed in this afrotropical vector of malaria (Xu et al. 2003 . Several members of the OBP gene family have been identiÞed based on cDNA screens of antennal tissue in Ae. aegypti (Ishida et al. 2004, Bohbot and Vogt 2005) , and 66 Ae. aegypti OBPs were identiÞed by Zhou et al. (2008) based on bioinformatics criteria. We isolated and characterized three atypical OBP genes using molecular methods in Ae. albopictus, an aggressive human blood feeder capable of transmitting a variety of arthropod-borne viruses (Shroyer 1986 , Gratz 2004 . A comparative analysis of the sequence diversity, molecular evolution, and expression patterns of this diverse gene family within these important vector species should provide insight into the functional signiÞcance of these genes and may ulti-mately help to develop novel vector control strategies (Rü tzler and Zwiebel 2005) .
The presence of N-terminal signal peptides, conserved amino acid residues (Fig. 1) , and the results of BLAST and phylogenetic analysis (Fig. 2) all provide strong evidence that the genes we identiÞed in Ae. albopictus are members of the atypical OBP gene family. Of the three Ae. aegypti peptide sequences identiÞed as putative orthologs to the AalbOBPs, only one (EAT37095, AaegOBP46) has been previously annotated as an OBP ). The analysis of Zhou et al. (2008) identiÞed 66 OBPs in Ae. aegypti based on bioinformatics criteria including conserved protein domains, conserved spacing of cysteine residues, and BLAST. Our results highlight the important role of molecular studies in complementing bioinformatics analyses, a consideration especially relevant to gene families such as the odorant-binding proteins, which have been characterized largely based on bioinformatics analyses (Vogt 2002; Xu et al. 2003; Despite the broad similarities between the AalbOBPs and the An. gambiae and Ae. aegypti atypical OBPs noted above, one striking difference is a 16 Ð17 amino acid deletion between the Þst and second conserved cysteine residues of both the AalbOBPs and their putative Ae. aegypti orthologs (Fig. 1) . This deletion is also present in AaegOBPs 6, 7, 16, 44, and 45, which together with the AalbOPBs and their putative Ae. aegypti orthologs constitute a well-supported clade in Fig. 2 that we have labeled as "Stegomyia expansion group." Intriguingly, AaegOBPs 28 Ð33 comprise an Ae. aegyptiÐspeciÞc expansion group based on the phylogenetic anaylsis in Fig. 2 , and these sequences also exhibit a highly conserved amino acid sequence across the same region where the 16 Ð17 amino acid deletion occurs in the Stegomyia expansion group (Fig. 1) . Taken together, the close association between the potentially signiÞcant structural differences in this region of the predicted protein sequences and the two lineage-speciÞc radiations indicated in Fig. 2 suggests the possibility of the evolution of novel function and subsequent radiation associated with changes to this region of the predicted proteins. As noted previously (Xu et al. 2003 , atypical OBPs seem to be restricted to mosquitoes and thus are likely to have mosquito-speciÞc function. The results in Fig. 2 emphasize that the atypical OBPs have continued to diversify within the Culicine lineage subsequent to the divergence of the Culicines and Anophelines.
Similar to the results of Xu et al. (2003) , who examined atypical OBP expression in An. gambiae, we found that AalbOBP67 and AalbOBP68 were expressed in the preadult (larvae and pupa) stages of Ae. albopictus (Fig. 3) . We also found that AalbOBP67 and AalbOBP68 were expressed in hemolymph (Fig. 3) , and as expected based on expression in the hemolymph, transcripts of these genes were found in all other tissue types we assayed. These results suggest that the proteins encoded by these genes may act as carriers of hydrophobic ligands in the hemolymph, a function related to the role of classically deÞned OBPs as carriers of hydrophobic odor molecules in the sensillar lymph of olfactory tissues (see Introduction). As noted in the Introduction, OBP gene family members have been identiÞed as expressed in hemolymph in both the medßy C. capitata (Christophides et al. 2000) and the beetle T. molitor (Graham et al. 2001 (Graham et al. , 2003 .
The expression pattern of AalbOBP46 differs considerably from the expression pattern of AalbOBP67 and AalbOBP68. A similar diversity of expression pattern among OBP sequences has been well documented (Biesmmann et al. 2005 , Forê t and Maleszka 2006 , Li et al. 2008 , including the atypical OBPs of An. gambiae (Xu et al. 2003) . Expression of AalbOBP46 in both the antennae and leg (which contain gustatory sensilla on the tarsi) implies a chemosensory function of the encoded protein. However, if AalbOBP46 does indeed encode a chemosensory protein, it is surprising that the gene is expressed in both olfactory and gustatory tissues. It is possible that such a gene product may be able to bind both volatile and nonvolatile semiochemicals, may have a more general function in chemosensory signal transduction, and/or may function through intermolecular interactions with other OBPs (Andronopoulou et al. 2006) .
The diverse expression pattern of the atypical OBPs in both An. gambiae (Xu et al. 2003) and Ae. albopictus (Fig. 3) is clearly not consistent with an exclusively olfactory function of the proteins encoded by these genes. A likely explanation is that these genes are the result of an evolutionary radiation of genes encoding proteins that bind small hydrophobic ligands. A number of observations support the hypothesis that the atypical OBPs have in fact diversiÞed as part of a radiation of the OBP gene family, including members of both the classical and Plus-C OBPs. First, the atypical OBPs in An. gambiae were originally identiÞed by TBLASTN searches of the An. gambiae genome using An. gambiae classical OBPs as query sequences. The spacing between cysteines 2/3 and 5/6 is identical in the An. gambiae classical OBPs and the atypical OBPs (Figs. 1 and 2 of Xu et al. 2003) . Additionally, AgamOBP36 is expressed exclusively in the antennae of adults but also in preadult life stages of An. gambiae (Xu et al. 2003) , suggesting the possibility that this gene may have olfactory function in the adult life stage, but a nonolfactory function in preadult stages. Previous authors have suggested that OBP gene family members may function as general carriers of hydrophobic molecules (Graham and Davies 2002 , Graham et al. 2003 , similar to the structurally distinct lipocalin gene family (Graham et al. 2003) . Similar to OBPs in insects, the lipocalins of vertebrates are a highly diverse gene family (Ganfornina et al. 2000) and are expressed in a broad range of tissue types. These molecules also have a broad range of physiological functions in vertebrates, including binding pheromones, odorants, and fatty acids (Flower 1996) , as well as being capable of enzymatic activity. If the insect OBPs are functionally analogous they may also be involved in a similar diversity of physiological processes such as hormone transport, detoxiÞcation, and/or lipid sequestration. Lipocalins have been implicated as having such dual function in vertebrates , and there is some evidence that OBPs may have a similar diversity of function in insects (Ban et al. 2003 , Calvello et al. 2003 , Li et al. 2008 . Additional functional studies such as gene knockdown experiments and investigation of ligandbinding properties should help to clarify the physiological signiÞcance of this diverse gene family.
